I. INTRODUCTION
H-bridge (HB) voltage source converters (VSCs) have been mostly utilized in DC/DC converter systems [1] and singlephase AC applications [2] . In three-phase applications, with AC side isolation transformers as shown in Fig. 1 , HB-VSCs have been utilized in Series Active Filter (SAF) [3] , Dynamic Voltage Restorer (DVR) [4] , and STATCOM [5] applications. Moreover, the three-phase HB-VSC topology or its close variants have been used to drive open winding induction machines [6] - [9] and dual three-phase induction machines [10] . Note that in these induction machine drive systems, these converters are considered as two 2L three-phase VSCs. In addition to these studies, the cascaded connections of H-bridge (CHB) VSCs have been investigated in medium voltage motor drive applications [11] , [12] .
The modulation of single-phase HB-VSC has been thoroughly studied in the literature [1] , [11] . In most applications, three-level (3L) modulation, which is called unipolar pulse width modulation (UPWM), is preferred to the two-level (2L) modulation, which is also called bipolar PWM (BPWM), because UPWM ensures the half of the dv/dt output voltage stress that BPWM results in. As well as UPWM, single phase-leg switched modulation or hybrid PWM (HPWM) generates 3L output voltage [11] , [13] . Nevertheless, these PWM methods have not been studied for three-phase HBVSCs elaborately. For the aforementioned 'two 2L VSCs' variants of the three-phase HB-VSC, there are PWM studies which aim at control of dual three-phase induction machines [10] , common mode voltage elimination of an open winding induction machine [7] , and balancing the power drawn from two isolated DC sources in an open winding induction machine drive system [8] . In [9] , it has been demonstrated that by means of a space vector based PWM method a 'cascaded 2L converter' is able to generate the same converter performance as 3L neutral-point-clamped (NPC) VSC (Fig. 2) , which has been thoroughly studied in the literature since it was introduced in 1981 [14] . Nonetheless, the correlation between the three-phase HB-VSC (or so-called 3L-HB-VSC hereafter in this paper) with HPWM and 3L-NPC-VSC has not been studied in the literature. This study demonstrates that a 3L-HB-VSC with HPWM generates the same output voltage as an 3L-NPC-VSC with phase opposition disposition PWM (POD-PWM), and then it proposes a carrier-based HPWM in order 3L-HB-VSC to generate the same output voltage as 3L-NPC-VSC with phase disposition PWM (PD-PWM) (or its space vector equivalent of Nearest Triangle Vector (NTV) PWM when zero-sequence triangular voltage is added to three-phase reference voltages). Thus, the former HPWM method will be called POD-HPWM and the proposed method will be called PD-HPWM hereafter in this paper. It should be noted that in a three-phase three-wire system, PD type PWM results in less harmonic distortion than POD type PWM due to the elimination of the common mode harmonic terms in line-to-line voltages [11] ; therefore, the existence of the proposed PD-HPWM carries more significance than POD-HPWM particularly for low switching frequency applications where this elimination makes significant difference in harmonic spectrum. Also, this study emphasizes on the capability of 3L-HB-VSC with HPWM to utilize its switches similarly to 3L-NPC-VSC.
In this paper, first, POD-PWM, PD-PWM, and POD-HPWM are described. Then, PD-HPWM is proposed via a carrier based realization. By means of the simulations of a 6MW wind turbine medium voltage grid-side converter as 3L-NPC-VSC and 3L-HB-VSC, the equivalency between these POD methods and the equivalency between these PD methods are demonstrated via output voltage/current waveforms. Also, the switch current waveforms illustrates the similarity of the switch utilizations in the two VSCs . Next, experimental results of a 1.5kW prototype validate the performance of the proposed PD-HPWM. Finally, the advantages and disadvantages of 3L-HB-VSC with PD-HPWM compared to 3L-NPC-VSC are discussed and its possible application fields are addressed. Fig. 5 , the difference between the two methods is that v tri+ and v tri-for PD-PWM are in-phase while they have 180° phase shift for POD-PWM [11] . These two methods results in similar output voltage and current in single-phase applications; however, the elimination of common mode harmonic (zero sequence) components in the line-to-line output voltage in three-phase systems makes the output difference favoring PD-PWM [11] . In 3L-HB-VSCs, the single leg switched or hybrid PWM method (Fig. 6 ) modulates the leg of SA1&SA2 with the switching frequency f S while the other leg of SA3&SA4 with the electrical frequency f e [11] , [13] . Hence, the switches are utilized similarly to those of the NPC for PF≈1. Also, the resulting output current waveform is theoretically identical to the one with POD-PWM because the comparison of the absolute value of the reference voltage |v * a | with the triangular carrier signal v tri works similarly to POD-PWM. Thus, this method will be called POD-HPWM hereafter in this paper. Nonetheless, the existence of the PD counterpart of POD-HPWM would carry more importance due to its favorable output performance in three-phase applications. Hence, PD-HPWM (Fig. 7) is proposed as follows. The modulation algorithm compares the positive part of v 
II. THREE-LEVEL PWM METHODS

III. SIMULATION RESULTS
The simulations are conducted by employing ideal component models built in Ansoft/Simplorer for the medium voltage 3L-HB-VSC and 3L-NPC-VSC shown in Fig. 1 and 2 for a grid connection of 6MW wind turbine via a three-phase transformer with open primary windings. The simulation parameters are given in Table I . In implementation of PWM algorithms, asymmetrical double-edge regular sampling is used [11] . Fig. 9 demonstrates that the output current is significantly less distorted for PD-PWM than POD-PWM in 3L-NPC-VSC. The line-to-line voltage waveforms shown in Fig. 10 explain the performance difference such that PD-PWM results only in the voltage steps of V DC while POD-PWM results in both V DC and 2V DC . For 3L-HB-VSC, Fig. 11 demonstrates the equivalencies between POD-PWM and POD-HPWM and between PD-PWM and PD-HPWM. Table II summarizes the output current Total Harmonic Distortion THD I values for each case. Demonstrated in Fig. 12 , there is a correlation between the switch utilizations of 3L-NPC-VSC and 3L-HB-VSC with the hybrid PWM methods. Given in Table III, for PF≈1, there is one-to-oneness for IGBT utilization while the antiparallel diodes DA2&DA1 of the HB converter are utilized similarly to the clamping diodes DA5&DA6, respectively. 3L-HB-AND -NPC-VSCS  NPC TA1 TA2 TA3 TA4  HB  TA1 TA4 TA3 TA2   NPC DA1 DA2 DA3 DA4 DA5 DA6  HB  DA4 DA4 DA3 DA3 DA2 DA1 IV. EXPERIMENTAL RESULTS The experiments are conducted via a prototype circuit with the parameters listed in Table IV. The prototype HB and NPC circuits differ from the circuits given in Fig. 1 and 2 by the usage of a three-phase RC load instead of an electricity grid. Illustrated by the oscilloscope waveforms in Fig. 13 and 14 , PD-PWM results in the output current with significantly less harmonic distortion than POD-PWM in 3L-NPC-VSC. Due to the finite amount of transformer leakage inductance, these current waveforms are slightly less distorted than the simulation waveforms. Fig. 15 and Fig. 16 show that 3L-HB-VSC with POD-HPWM and the proposed PD-HPWM can generate output waveforms very close to those obtained by 3L-NPC-VSC. The deviation on the output current waveform during the zero crossings is caused by a synchronization problem related with loading and processing duty cycles in the DSP control platform and can be avoided by DSP code improvements. Fig. 17 shows that one leg of the HB is continuously switched while the other leg is switched twice in an electrical period. The proposed PD-HPWM carries importance due to its equivalent performance and similar switch utilization to 3L-NPC-VSC, which is dominantly used converter topology especially for medium voltage converters with low switching frequency (f S <2kHz). Hence, for medium voltage grid converter applications requiring transformers or for open winding machine converter applications, 3L-HB-VSC can be considered as an alternative to 3L-NPC-VSC because the former has simpler, more modular, and more reliable 2L structure than the 3L structure. Also, the clamping diodes and neutral point variation problem of the NPC are eliminated in the HB. Considering switch utilization, the duty of the clamping diodes in the NPC is performed by the antiparallel diodes in the HB. However, for the applications where IGBTs and diodes are packaged together, the elimination of the clamping diodes increases the power loss stress on the IGBTdiode packages forming the switched HB legs and becomes a disadvantage. On the other hand, for medium voltage applications where these two semiconductors are packaged separately, this elimination is an advantage of reducing semiconductor cost and more efficient utilization of the switches. Moreover, several control and design strategies can be developed by means of hybrid modulation of 3L-HB-VSCs as follows. The switched leg and the other leg can be interchanged cyclically. Hence, better utilization of the switches over the NPC can be achieved and better lifetime for each switch can be attained. Also, as proposed in [9] , different type of switches can be used for the two legs. For example, the switches with low switching loss for the switched leg and the switches with low conduction loss for the other leg can be chosen in order to optimize the efficiency.
For the grid applications requiring capacitive switching ripple filters, the implementation of these filters at the grid side of the transformer does not influence the output performance equivalency of the two converters. However, if a capacitive filter is directly applied to the inverter side of a 3L-HB-VSC, then the elimination of the common mode terms in three-phase system does no longer exist and the converter output current deteriorates significantly with the harmonics around the switching frequency. In order to solve this problem, common mode inductors in series with the filter inductors can be applied to 3L-HB-VSC.
VI. CONCLUSION
The 3L-HB-VSC with the proposed PD-HPWM produces the same output performance as the 3L-NPC-VSC with PD-PWM or space vector NTV. Moreover, the PD-HPWM enables the former VSC to utilize its switches similarly to those of the latter. The performance of the proposed method has been validated by the simulations and experiments. Thus, the former VSC can be considered as an alternative to the latter for medium voltage grid-connected converter with transformer or open winding motor drive applications in regards to design simplicity and switch utilization flexibility. Only disadvantage, which can be avoided by the hardware solutions discussed, is the limitation of capacitive switching ripple filter employment for grid-connected applications.
